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Summary. At a newly occupied pond, beavers preferentially 
felled aspen smaller than 7.5 cm in diameter and selected 
against larger size classes. After one year of cutting, 10% 
of the aspen had been cut and 14% of the living aspen 
exhibited the juvenile growth form. A phenolic compound 
which may act as a deterrent to beavers was found in low 
concentrations in aspen bark, and there was no significant 
regression of relative concentration of this compound on 
tree diameter. At a pond which had been intermittently 
occupied by beavers for over 20 years, beavers selected 
against aspen smaller than 4.5 cm in diameter, and selected 
in favor of aspen larger than 19.5 cm in diameter. After 
more than 28 years of cutting at this site, 51% of the aspen 
had been cut and 49% of the living aspen were juvenile- 
form. The phenolic compound was found in significantly 
higher concentrations in aspen bark than at the newly occu- 
pied site, and there was a significant negative regression 
of relative concentration on tree diameter. The results of 
this study show that responses to browsing by trees place 
constraints on the predictive value of standard energy-based 
optimal foraging models, and limitations on the use of such 
models. Future models should attempt to account for in- 
ducible responses of plants to damage and increases in con- 
centrations of  secondary metabolites through time. 
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Beavers (Castor canadensis) are central place foragers, mov- 
ing out from their ponds to select and cut trees, then trans- 
porting them back to the ponds to be fed on immediately 
or stored for later use (Jenkins 1980). In general, beavers 
tend to favor small trees over large ones of the same species 
(Aldous 1938; Stegeman 1954; Hall 1960; Jenkins 1979, 
1980; Pinkowski 1983; Belovsky 1984 a), and show stronger 
preferences for small trees at greater distances from shore 
(Jenkins 1980), consistent with a recent model of size/dis- 
tance relationships (Schoener 1979; Jenkins 1980). 
Most models of size/distance relationships are based on 
the assumption that central place foragers select foods to 
maximize net rates of energy return (Orians and Pearson 
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1979; Schoener 1979; Jenkins 1980; Lessels and Stephens 
1983). There have been a number of tests of  such models 
in recent years (Davidson 1978; Carlsson 1983; Carlsson 
and Moreno 1985; Krebs and Avery 1985; McGinley and 
Whitham 1985). However, beavers differ from most other 
central place foragers in both their type of "p rey"  (trees), 
and the fact that they are smaller than their prey. Schoener 
(1979) suggested that the predicted size/distance relation- 
ship of increasing preferences for large prey at greater dis- 
tances from the central place, applicable to the typical situa- 
tion of the predator being larger than its prey, should be 
reversed when the predator is smaller than its prey. Field 
data on tree-size selection by beavers is consistent with this 
hypothesis (Jenkins 1980). 
A factor which may confound interpretation of tree size 
selection by beavers in terms of energetic models is the 
induction of chemical defenses in juvenile-form plants of 
some species. Heavy browsing causes certain plants to pro- 
duce suckers which exhibit juvenile characteristics (Bryant 
and Kuropat  1980; Janzen and Martin 1982; Reichardt 
et al. 1984; Bryant et al. 1985), manifested by strong apical 
dominance, absence of lateral branching, and large green 
leaves (Kramer and Koslowski 1979). In feeding on certain 
species of the Salicaceae, hares (Lepus spp.) avoid juvenile- 
form suckers when adult-form suckers are present. The 
avoidance of juvenile-form quaking aspen (Populus tremu- 
loides) and balsam poplar (Populus balsamifera) by snow- 
shoe hares (Lepus americanus) appears to be caused by high 
concentrations of terpenes and phenolic resins (Bryant 
1981), and the avoidance of juvenile-form feltleaf willow 
(Salix alexensis) is correlated with low nutritional quality 
(Bryant et al. 1985). Similarly, the juvenile forms of six wil- 
low (Salix spp.) species native to Finland are avoided by 
mountain hares (Lepus timidis), and phenolic glycosides 
which are more concentrated in the juvenile-forms than the 
adult-forms of willows are demonstrated deterrents to feed- 
ing by mountain hares (Tahvanainen et al. 1985). In the 
Betulaceae, high levels of deterrent secondary compounds 
have been isolated and identified in juvenile-form suckers. 
Papyriferic acid in Alaska paper birch (Betula resinifera) 
and pinosylvin and pinosylvin methyl ether in green alder 
(Alnus crispa) are found in higher concentrations in the 
juvenile-forms than the adult-forms of these species, and 
are avoided by snowshoe hares (Reichardt et al. 1984; Clau- 
sen et al. 1986). 
Data gathered by one of us (PB) at Sagehen Creek, 
a site which had been occupied intermittently by beavers 
279 
for more than 20 years (Busher 1987) showed selection 
against small quaking aspen (P. tremuloides), contrary to 
predictions of  a model based on maximization of net rate 
of energy gain (Schoener 1979), and unlike previous field 
data for aspen (Aldous 1938; Stegeman 1954; Hall 1960; 
Pinkowski 1983; Belovsky 1984a). To account for the un- 
usual observation of preference for large aspen at this site, 
we hypothesized that heavy cutting in an area induces 
chemical defenses in aspen suckers, which in turn causes 
beavers to shift their preferences from small suckers to 
larger mature trees. 
In this study, we compared selection by beavers for as- 
pen of various sizes at two sites: Sagehen Creek, where 
trees had been heavily utilized by beavers for more than 
20 years before the selection data were collected, and Little 
Valley, which was newly occupied by beavers at the time 
of data collection. We predicted that: (1) the relative abun- 
dance of juvenile-form suckers should be higher at Sagehen 
Creek; (2) there should be greater concentrations of a plant 
secondary compound unpalatable or toxic to herbivores in 
aspen bark at Sagehen Creek than in aspen bark at Little 
Valley; (3) there should be a negative correlation between 
the concentration of this plant secondary compound and 
tree diameter at Sagehen Creek but not at Little Valley, 
if the compound persists in aspen which develop from juve- 
nile-form suckers; and (4) beavers at Little Valley should 
prefer small aspen, in contrast to the preference for large 
aspen noted at Sagehen Creek. Our general objective is 
not to show that standard energy-based optimal foraging 
models are inappropriate for herbivores, but rather to de- 
fine the limitations of such models, at least for beavers 
feeding on trees. 
Methods 
Study site 
The newly occupied beaver pond was located on Franktown 
Creek, Little Valley, Washoe County, Nevada, in the 
Toiyabe National Forest. The pond was located in the 
center of a Populus tremuloides stand, with Abies concolor, 
Pinus contorta, Pinus jeffreyii, and Alnus tenuifolia scattered 
throughout the area. Two beavers were present at the pond, 
and they had colonized the site in the fall of 1984. We 
collected data at Little Valley between June 1985 and Feb- 
ruary 1986. 
The heavily utilized site was located at the University 
of California research station on Sagehen Creek, Nevada 
County, California. The area was characterized by P. tre- 
muloides, with Salix spp., Alnus tenuifolia, Abies concolor, 
and Pinus contorta scattered throughout the area. PB col- 
lected tree-size selection data at Sagehen Creek in 1978, 
and the pond had been intermittently occupied for at least 
20 years (Busher 1987). There were 4 beavers (2 adults and 
2 kits) present at this pond in 1978 (Busher 1980). We re- 
turned to Sagehen Creek in 1986 to collect bark samples 
for chemical analysis and to determine the frequency of 
cut aspen and of juvenile-form suckers at the site. Few 
trees freshly cut by beavers were present in 1986, so we 
couldn't make an unbiased estimate of size preferences at 
this time (if the last beaver cutting had occurred in 1978, 
then an estimate of preference made in 1986 would include 
an unknown number of small trees which sprouted after 
1978, and hence were unavailable to beavers in 1978). 
Data collection 
We collected data on aspen availability, extent of cutting 
by beavers, relative abundance of juvenile-form aspen, and 
size preferences of  beavers cutting aspen stems at both Little 
Valley and Sagehen Creek. We began collecting data on 
tree cutting at Little Valley in June 1985, by marking each 
tree previously cut by a beaver. Records on newly cut trees 
were made once a week thereafter through November 1985 
and once every three weeks through February 1986. At 
Sagehen Creek data on trees cut since approximately the 
previous fall were collected in June 1978. These trees were 
distinguished from older cuts by the color and condition 
of the stump. At both sites, we measured diameters of cut 
trees at the height of the cut. We used 5 transects at Little 
Valley in June 1986 and 3 transects at Sagehen Creek in 
June 1978 to assess size distributions of available trees. At 
each site, 30 m by 5 m transects were randomly placed in 
the major area of  beaver tree-cutting activity, and posi- 
tioned perpendicular to the shoreline of the pond. Each 
transect was subdivided into 10 3 m by 5 m plots. In each 
plot, the species identities of all trees were recorded and 
their diameters were measured at a height 30 cm from the 
ground (the approximate height at which beavers cut trees). 
We estimated the relative abundance of juvenile-form 
aspen in July 1986 and the proportion of trees cut in No- 
vember 1986, from 5 transects at each site. In each transect 
we recorded the number of cut and uncut aspen and the 
ratio of  juvenile-form aspen stems to total uncut aspen. 
Changes at Sagehen Creek may have occurred between 1978 
and 1986, and data collected on extent of cutting and per- 
cent of juvenile-form aspen in 1986 may not be representa- 
tive of the Sagehen Creek site of 1978. However, since the 
pond at Sagehen Creek had been occupied by beavers for 
such a long time prior to 1978, we assume that there was 
less difference in the characteristics of  the Sagehen Creek 
site between 1978 and 1986 than between Sagehen Creek 
in either 1978 or 1986 and the newly occupied Little Valley 
site in 1986. 
Bark chemistry 
At each site, we collected bark from 50 randomly chosen 
trees of various diameters during September 1986. The sam- 
ples were placed into an ice bath immediately and were 
finally frozen at - 3 0 ~  until extraction procedures were 
completed. 
Secondary compounds were extracted with 10 ml of 
95% methanol added to 0,25 g of bark which had been 
finely cut with scissors. The mixture was then ground up 
with a mortar  and pestle for five minutes. The samples 
were microfiltered and then analyzed by high performance 
liquid chromatography (HPLC). The HPLC consisted of 
an LDC dual pump solvent programmable system. The 
compounds were separated on a (C18, Waters Associates 
25 c m x  4.6 mm) 10 pm reverse phase column. The solvent 
system consisted of 1% acetic acid in water and acetonitrile, 
which was programmed from 10% to 70% acetonitrile us- 
ing a linear gradient over 20 rain. The flow rate was set 
at 1.5 ml/min. Compounds were detected using a variable 
wavelength LDC absorbance detector set at 280 nm. Exter- 
nal standards of the phenolic glycosides salicin, salicortin, 
tremulacin, and tremuloidin were injected every tenth trial 
to estimate variation in the HPLC between trials, and on 
several successive runs the standards were injected in differ- 
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Fig. 1. Use of quaking aspen by beavers at Sagehen Creek and 
Little Valley through 1986. Use is expressed as percentages of avail- 
able trees in representative transects at each site which had been 
cut by beavers 
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Fig. 2. Percentages of quaking aspen at Sagehen Creek and Little 
Valley which had the juvenile growth form in 1986. No living 
trees were present at 0-3 or 3-6 m from the pond at Sagehen 
Creek 
ent known concentrations to estimate the relationship of 
peak heights to concentrations of  the compounds. We as- 
sumed that peak heights of compounds other than the stan- 
dards would change in proportion to the peak heights of 
the standards as concentrations were varied. 
Results 
Approximately 23 % of all aspen trees within 3 m of shore 
had been felled at Sagehen Creek prior to 1977, when we 
began collecting data on tree size selection. By contrast, 
only 3.8% of aspen within 3 m of shore had been felled 
at Little Valley prior to the beginning of data collection 
at that site in 1985. The difference in percentage of trees 
felled is significant (Z=2.38,  P<0.02),  in support of our 
assumption that longer occupancy by beavers at Sagehen 
Creek was reflected in greater aspen utilization than at Lit- 
fie Valley. Furthermore, 11% of aspen within 12 m of shore 
and 3.6% of aspen within 30 m of shore had been felled 
by beavers at Sagehen Creek by 1977, compared with 2.3% 
(Z=2.66,  P<0.01)  and 1.1% (Z=2.26,  P<0.05)  respec- 
tively at Little Valley by 1985. By 1986 at Sagehen Creek, 
51% of the total available aspen within 30 m of shore had 
been cut by beavers (Fig. 1), and 49% of the living trees 
exhibited the juvenile growth form (Fig. 2). By contrast 
after one year of cutting at Little Valley, only 10% of the 
total aspen were cut (Fig. 1) and only 14% of the living 
trees exhibited the juvenile growth form (Fig. 2). Both the 
amount of  cutting (Fig. 1) and the proportion of juvenile 
form aspen (Fig. 2) within 30 m of shore were significantly 
greater at Sagehen Creek than at Little Valley ( Z =  14.37, 
P<0.001, Z =  10.67, P<0.001, respectively). We didn't as- 
sess the relative abundance of juvenile-form aspen at Sage- 
hen Creek in 1978 but indirect evidence, discussed below, 
suggests that juvenile-form aspen may have been common 
at that time also. 
In a companion study using cafeteria-style feeding ex- 
periments in the field, we showed that beavers preferred 
branches from adult trees and adult-form suckers to juve- 
nile-form suckers, and that the juvenile-form suckers had 
significantly greater concentrations of a phenolic compound 
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Fig. 3. Relative concentrations (peak heights) of the phenolic com- 
pound in quaking aspen bark as a function of tree diameter at 
Sagehen Creek and Little Valley. Error bars represent one standard 
error 
et al., unpublished work). At Sagehen Creek, there was a 
significant negative regression of relative concentration of 
this compound on tree diameter (Fig. 3; F =  5.60, d.f. = 1, 
49, P<0.05).  At Little Valley, relativeconcentrations of  
this compound were much lower than at Sagehen Creek 
(Fig. 3; t=4.59, P<0.001) and there was no significant re- 
gression of concentration on tree diameter (F=3.15, d.f. = 
1, 49, 0.10<0.20). 
Beavers at both sites showed highly significant selection 
of trees for cutting based on diameter class (Fig. 4; G-tests 
of goodness-of-fit of observed numbers of trees felled to 
expectations based on relative availabilities of the various 
diameter classes: Little Valley, G = 98.5, d.f. = 7, P < 0.001 ; 
Sagehen Creek, G=191.5, d . f . = 7 ,  P<0.001). At Sagehen 
Creek in 1977-1978, there was a significant negative rank- 
order correlation between electivity and diameter class (rs = 
-0.976,  P <  0.01). Beavers at Little Valley showed the op- 
posite pattern in 1985-1986 (rs = + 0.881, P < 0.05). At Lit- 
tle Valley, beavers preferred trees less than 7.5 cm in diame- 
ter and selected against larger trees; at Sagehen Creek, 
beavers selected against trees less than 4.5 cm in diameter 
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Fig. 4. Electivities of beavers at Sagehen Creek and Little Valley 
for aspen of various diameter classes. Electivities were calculated 
according to formulas 3 and 15 of Chesson (1983), where n~o was 
an estimate of the total number of trees in size class i available 
at the beginning of the cutting period 0977-1978 at Sagehen Creek, 
1985-1986 at Little Valley), based on 5 m by 30 m transects (3 
at Sagehen Creek, 5 at Little Valley), and r~ was the number of 
trees in size class i felled by beavers during the specified cutting 
period. The range of possible electivity values is from + 1.0 to 
-1.0, with values greater than 0 indicating selection in favor of 
a particular diameter class and values less than 0 indicating selec- 
tion against a particular diameter class 
Discussion 
A common response of trees to browsing is the production 
of saplings which exhibit juvenile characteristics (Klein 
1977; Bryant and Kuropat  1980; Janzen and Martin 1982; 
Reichardt et al. 1984; Bryant et al. 1985; Tahvanainen et al. 
1985; Clausen et al. 1986). This study shows that a similar 
response to browsing occurs in quaking aspen at Sagehen 
Creek. In 1986 the Sagehen Creek site had been intermit- 
tently occupied for over 28 years, and the relative abun- 
dance of juvenile-form suckers was over 6 times that found 
at Little Valley which had only been occupied for 2 years. 
We assume that a similar condition was present at Sagehen 
Creek in 1978 after 20 years of occupancy by beavers, and 
that the area had an abundance of juvenile-form suckers 
when the selection data were collected. This assumption 
is supported by the fact that trees as large as 4.5-7.5 cm 
in diameter at Sagehen Creek had elevated concentrations 
of the phenolic compound (Fig. 3) which we hypothesize 
is a feeding deterrent for beavers (Basey et al., unpublished 
work). We determined the ages of 10 trees at Sagehen Creek 
with diameters between 2.7 and 6.6 cm; all but one of these 
(the smallest) was greater than 9 years old. Furthermore, 
juvenile-form suckers usually have high concentrations of 
the phenolic compound, whereas adult-form suckers usually 
have low concentrations (Basey et al., unpublished work). 
This suggests that many trees with high concentrations of  
the phenolic compound in 1986, when we did the biochemi- 
cal analyses, were present as juvenile-form sprouts or 
suckers in 1977-1978, when the size selection data were 
collected at Sagehen Creek. It seems likely that such sprouts 
and suckers had high concentrations of  the compound at 
that time also. 
Figure 4 shows a major difference in size selection of 
aspen by beaver colonies: beavers at Little Valley preferen- 
tially cut aspen less than 7.5 cm in diameter, but at Sagehen 
Creek, beavers selected against aspen less than 4.5 cm in 
diameter. The electivity indices indicate that opposite selec- 
tion patterns were characteristic of beavers at the two sites. 
Results of  a previous study of tree-size selection at Sage- 
hen Creek were consistent with results from this study. Hall 
(1960) examined size selection of quaking aspen by beavers 
in five colonies at Sagehen Creek. He collected data in 1952 
and 1953. Seven years prior to Hall 's study, beavers were 
introduced to Sagehen Creek for the first time by the Cali- 
fornia Department of Fish and Game, which released four 
animals. Therefore, several of the colonies which Hall stud- 
ied probably had been occupied for only a few years. His 
results showed that beavers preferred aspen from 2.5 to 
7.5 cm in diameter. Aspen smaller than 2.5 cm were not 
preferred by the beavers, which is consistent with our hy- 
pothesis if indeed the beavers had occupied the study site 
for only a few years and the juvenile-form suckers had not 
grown over 2.5 cm in diameter. 
Food selection by beavers may be explained by two 
general hypotheses. The first states that herbivores forage 
to satisfy nutritional requirements with minimum ingestion 
of toxic secondary compounds (Freeland and Janzen 1974; 
Sinclair et al. 1982; Sinclair and Smith 1984; Palo t984), 
and the second states that herbivores should select food 
to maximize their net rates of energy intake (Pyke et al. 
1977; Belovsky 1984b). The two hypotheses are not mutual- 
ly exclusive. When a certain food has poor nutritional con- 
tent, or poor palatability due to secondary metabolites, 
maximizing net rate of energy intake may be an advanta- 
geous strategy of food selection; but when nutritional and 
chemical constraints are not present, selecting food to maxi- 
mize net rate of energy intake should be a beneficial strategy 
(Belovsky 1981). At any given time an herbivore may use 
either of the two strategies depending on the condition of 
its food supply. 
Certain tests of optimal foraging models which have 
predicted selection of tree sizes by beavers based on net 
rate of energy return have been successful (Jenkins 1980; 
Pinkowski 1983; Belovsky 1984a). Jenkins (1980) showed 
that, for most tree genera in central Massachusetts, beavers 
cut a smaller range of sizes far from shore than close to 
shore, and relatively more small trees and fewer large trees 
at greater distances. These results were consistent with an 
optimal foraging model proposed by Schoener (1979). Be- 
lovsky (1984a) demonstrated that beaver foraging on Isle 
Royale National Park in Michigan was consistent with a 
linear programming model of herbivore optimal foraging. 
Neither model included consideration of nutritional value, 
or toxic and unpalatable secondary metabolites that may 
be present in trees of various sizes. 
The results of  this study show that beavers selected as- 
pen trees by size in two different manners which support 
both of the hypotheses mentioned previously: (1) when ju- 
venile-form aspen were uncommon, presumably due to low 
levels of prior beaver activity, the beavers chose aspen by 
size following predictions of optimal foraging models and 
(2) when beaver activity was higher for longer periods of 
time, apparently resulting in greater abundance of juvenile- 
form aspen, the beavers selected large trees which likely 
had low concentrations of a specific phenolic compound, 
which is avoided by beavers in feeding experiments (Basey 
et al., unpublished work). Thus, responses to browsing by 
trees place constraints on the predictive value of standard 
energy-based optimal foraging models, and limitations on 
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the use of such models. Future  models should attempt to 
account for inducible responses of plants to damage and 
increases in concentrat ions of certain secondary metabolites 
through time, 
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